We show that femtosecond filament arrays can generate robust, very long-lived optical waveguides in air. These guides have millisecond lifetime and should be suitable for the transmission of high average power beams.
Time resolved interferometric measurements of a short, 2mm 4-filament array. The effects of the acoustic wave launched from individual lobes can be seen in frames a) and b), while frames c) and d) show the structure of the thermal guide.
To create the guide we induced a Hermite-Gaussian TEM 11 mode on a 50 fs, 10 Hz, Ti:sapphire laser pulse producing four co-propagating filaments. The TEM 11 mode was achieved by transmitting the beam through thin half-pellicles oriented so that the beam was sectioned into quadrants where neighboring regions were pi phase shifted. The guide was probed interferometrically using a counter-propagating 7 ns, 532 nm beam. Time-resolved interferometric results from a filament array are presented above in Fig. 1 . The pump beam was focused at f/30 to produce a short, 2 mm longitudinal extent to the filamenting array. The short extent of the array was necessary for minimizing refractive distortion of the probe. From the data shown in Fig. 1 , one can identify two regimes which look promising for waveguiding. The first frame shows the acoustic guiding regime, which lasts ~50 ns and occurs when the acoustic waves launched from individual filaments superpose on axis. The acoustic superposition increases the gas density on axis which in turn raises the refractive index. The positive index shift from the acoustic waves is surrounded by a negative index "moat" due to the thermally evolving density holes. The third and fourth frame establish the much longer lasting thermal guiding regime where the index contrast is entirely due to the negative index shift from the off-axis density holes. In order to test the guides we went to longer focusing geometries where the lobe spacings were tuned to roughly match single mode guiding. The single mode regime was estimated from a step-index fiber parameter calculation based on the interferometric data. A 10 cm long filament array with lobe spacing 150 μm was prepared for the acoustic guiding regime, where we saw a small enhancement in the guided energy of the beam over a ~100 ns window. Unlike in the interferometric setup, it was difficult to produce a good acoustic guide along the full extent of the filament array, as the guide was sensitive to slight differences in the energy deposited between filament lobes as well as small deviations in the transverse lobe spacing. On the other hand, we found that in the thermal regime the guides were robust and long-lasting. We demonstrated a peak guiding efficiency of 90% and waveguide lifetime of ~2 ms with a 70 cm long filament array with lobe spacing 300 μm. A 110 mJ, 7 ns beam was guided over ~15 Rayleigh lengths in this guide. End mode imaging at the output of the thermal guide is shown in Fig. 2 . The measured power transmission capacity of the guide was limited only by the energy of our probe laser.
One promising application of the thermal guide is the long range transmission of extremely high average power beams, which suffer beam distortion and negative lensing from thermal blooming -heating of the medium through absorption by molecular and aerosol constituents. Even conservative estimates of molecular and aerosol absorption from air in maritime environments suggest that the peak average power capacity of a thermal guide can be quite high [7] . The thermal guide should be able to overcome the effects of thermal blooming provided the heating due to linear absorption of the high average power beam does not exceed the heating from the energy deposited by the filaments. Using a linear absorption coefficient of air of α = 2x10 -8 cm -1 at wavelength 1 μm [7] , and assuming a thermal guide with lobe spacing ~1.5 mm and fractional change in temperature of 2% (typical over ~1 ms of thermal evolution), one finds a peak average power carrying capacity of 1.3 MW over the ~2 ms duration of the guide. Further, with a millisecond scale thermal guide lifetime, a quasi-continuous guide may be possible with a 1 kHz repetition rate femtosecond laser.
